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Abstract
Cryptochrome is a blue-light absorbing flavoprotein containing a flavin adenine dinucleotide (FAD) cofactor. FAD can accept up to
two electrons and two protons, which can be subsequently transferred to substrates present in the binding pocket. It is well known that
reactive oxygen species are generated when triplet molecular oxygen is present in the cavity. Here, we investigate the formation and
stability of radical oxygen species in Drosophila melanogaster cryptochrome using molecular dynamics simulations and electronic structure
calculations. We find that superoxide and hydroxyl radicals in doublet spin states are stabilized in the pocket due to attractive electrostatic
interactions and hydrogen bonding with partially reduced FAD. These finding validate from a molecular dynamics perspective that [FAD•−-
HO•2] or [FADH
•-O•−2 ] can be alternative radical pairs at the origin of magnetoreception.
1 Introduction
Cryptochromes are a type of flavoproteins that absorb blue-UV/A
light.1 They are found throughout the biological kingdom (mi-
crobes, plants, animals, etc.)2,3, involved in several biologi-
cal processes like plant growth or entrainment of the circadian
clock in animals.1,4–7 Cryptochromes contain vitamin B2 acting
as photoactive oxidizing agent, found either in the form of flavin
mononucleotide (FMN) or flavin adenine dinucleotide (FAD). The
vitamin B2 cofactor, also known as riboflavin, is common to all
flavoproteins, and it is responsible for their functionality. It con-
sists of a lumiflavin moiety acting as chromophore and a pentane-
2,3,4-triol side chain. Lumiflavin is a good oxidizing agent and a
strong base, accepting up to two electrons and two protons. The
oxidizing potential is increased upon light absorption.
Initially, the cofactor is usually found in its fully oxidized form.
The oxidized FAD (FADox) can then be reduced to the anionic
radical semi-quinone form (FAD•−) via electron transfer from
a residue near the flavin chromophore. In cryptochromes, the
most widely accepted mechanism is that this electron is trans-
ferred from a nearby tryptophan that is concomitantly oxidized
to TrpH•+.8 The anionic radical FAD•− is a strong base that can
accept a proton to generate the neutral semi-quinone FADH•.
The origin of this proton depends on the type of cryptochrome.
For arabidopsis thaliana cryptochrome, an aspartic acid donates a
proton to FAD and TrpH•+ subsequently transfer another proton
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to the aspartate, ending up in a neutral tryptophanyl radical Trp•
and a neutral semi-quinone FADH•.8 For Drosophila melanogaster
cryptochrome, the participating residues in this proton transfer
process have not yet been clearly identified. The FADH• can still
act as a photooxidizer and a photobase, absorbing in the visible
region, leading to the anionic reduced form FADH− when accept-
ing one electron and the neutral reduced form FADH2 when se-
quentially accepting a proton.9–11
Cryptochromes have been proposed as plausible candidates for
explaining the light-dependent magnetic field sensors, a capacity
of certain animals to guide by perceiving the geomagnetic field
(so-called magnetoreception).9–11 Spin-correlated radical pairs
between flavin and tryptophan (FADH•–Trp•) generated by pho-
toreduction in plant cryptochrome have been reported to be at
the origin of magnetoreception.8–10,12 This is known as the rad-
ical pair mechanism of magnetoreception (hereafter referred as
“conventional” radical pair). A recent study showed that tryp-
tophan triad might not be necessary for magnetoreception in
Drosophila melanogaster,13 opening up the route for alternative
radical pairs in certain cryptochromes. It has been proposed
FADH• can form a radical pair with oxygen superoxide (O•−2 ) in
lieu of tryptophan.14,15 Recent theoretical studies indicate that
the FADH•–O•−2 radical pair could resist better to decoherence
phenomena, thus being a better candidate for magnetoreception
than the tryptophan-flavin pair.16,17
Superoxide can be formed in cryptochromes during the re-
oxidation reaction of the fully reduced anionic form of FAD in
the dark environment (FADH− →FADH• →FADox). There are
experimental evidences that reactive oxygen species (ROS) can
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Fig. 1 (a) Structure of dmCry–O2 system. The zoomed active site of
dmCry with FADox–O2 is shown as an inset in the right hand side (b)
Structure of flavin adenine dinucleotide.
be present in the active site of cryptochrome.18–21 Combined
molecular dynamics simulation and kinetic studies confirm that
indeed oxygen molecule can access the flavoprotein binding
site via multiple pathways facilitating catalytic oxidation proce-
dure.22 While several studies focused on the photo-reduction re-
action,8,11,12,23–25 not much attention has been given to the study
of the re-oxidation reaction.18,26
Here, we perform a thorough molecular dynamics study of dif-
ferent oxygen species including the ROS within the Drosophila
melanogaster cryptochrome depending on the redox and proto-
nation states of flavin chromophore. In order to explain the ox-
idation state of oxygen complexed with different redox forms of
FAD, multi-configurations electronic structure calculations were
performed. We find that the ROS stay close to the flavin chro-
mophore via strong attractive electrostatic interactions or hydro-
gen bonding, while the triplet molecular oxygen diffuses out of
the flavin pocket when FAD is reduced. These results support the
existence of [FAD•−-HO•2] or [FADH
•-O•−2 ] as alternative radical
pair involving superoxide as the basis for the magnetoreception
in Drosophila melanogaster cryptochrome.
2 Computational Details
The initial protein structure (with FAD co-factor, see Figure 1)
is taken from the chain B of the crystal structure of Drosophila
melangoster cryptochrome (dmCry), PDBID:4K03. In order to
obtain the initial structure of dmCry–O2 complex, an oxygen
molecule has been placed in the active site according to the
gas-phase optimized structure of FAD–O2 complex obtained at
the wB97x-D/6-31G* level.27,28 Molecular dynamics simulations
based on several random initial conditions of the FAD-O2 complex
have been performed to determine the stability of the results (see
Supporting Information). The initial dmCry–O2 structure with
FADox–O2 (A) is neutralized with 13 Na+ ions and solvated in a
105× 105× 105 Å3 water box rendering the total system size of
114,012 atoms. The other protonation states of the dmCry–O2
complex have been generated from the initial dmCry–O2 struc-
ture of the fully oxidized form. All molecular dynamics (MD)
simulations were performed using Gromacs software.29 The sol-
vated and ionated dmCry–O2 structures were then minimized and
equilibrated using NVT (for 200 ps) and NPT (1 ns) ensembles at
T=300 K. A production run of 10 ns was performed for each sys-
tem. The electrostatic interactions between FAD and oxygen are
represented by the set of charges calculated considering oxygen
as superoxide, hydroperoxyl radical or triplet as well as corre-
sponding redox and spin state of FAD.
Charmm27 force fields30,31 have been employed for the pro-
tein scaffold. The bonded, angular, dihedral and van der Waals
parameters of FAD species are taken from CGENFF database
and are considered to be the same for all possible redox and
protonated states.32 The bonded parameters for oxygen species
are taken from density functional theory employing the range-
separated exchange-correlation functional with dispersion correc-
tion (wB97x-D) and 6-31G* atomic basis set. These quantum
chemical calculations have been performed using GAUSSIAN16.33
The electrostatic part of the force fields for the FAD and O2 species
has been reparameterized based on Mulliken atomic charges ob-
tained from density functional theory employing wB97x-D func-
tional and 6-31G* atomic basis set.27,28 Since Charmm force field
relies on Mulliken atomic charges as the initial guess for the pro-
tein electrostatic interactions,34,35 we have employed them for
the FAD and oxygen species to be consistent. To assess the validity
of the force field, we have compared molecular dynamics simula-
tions using our Mulliken atomic charges and Merz-Kollman elec-
trostatic potential fitting atomic charges, leading to similar evolu-
tion for the C4a-OO1 distance, indicating a similar description of
the electrostatic interactions between oxygen and FAD (see Sup-
porting Information). Mulliken charges for the optimized struc-
ture for the different redox states of FAD, triplet oxygen 3O2 and
doublet superoxide 2O•−2 and hydroxyl
2HO•2, according to their
total charge and spin multiplicity have been used as the electro-
static force fields parameters for the MD simulations. Hereafter,
the superscripts on the left indicate the spin multiplicity of the
fragment.
The electronic structure calculations for the radical and an-
ionic FAD–O2 systems were performed using state-averaged Com-
plete Active Space Self Consistent Fields (SA-CASSCF) method
with second-order perturbation theory correction (CASPT2). The
state-averaged for five electronic states using an active space
of (11,12) for radicals and (12,12) for the rest. For multi-
configuration calculations, the ANO-RCC-VDZP basis set has been
employed.36 For these calculations, OpenMolcas package has
been used.37
3 Results and discussion
In Figure 2a, we summarize the redox forms of FAD starting from
the blue-light absorption of FADox, supposing that the electron is
donated by a residue near the cavity.9,10 When triplet oxygen is
present inside the cavity, the FAD–O2 complex can exist in sev-
eral spin states (see Figure 2b). Initially, the complex is in a total
triplet state 3[FADox–O2] composed of singlet 1FADox (fully ox-
idized FAD) and triplet molecular oxygen 3O2. Upon reduction
of FAD by tryptophan, the complex can exist either in total dou-
blet 2[FAD•−–O2] or quartet state 4[FAD•−–O2], depending on
the relative orientation of oxygen spin with respect to the FAD
electron. Subsequently, a proton can be transferred to neutralize
this charge generating again a doublet 2[FADH•–O2] or a quar-
tet 4[FADH•–O2] with the partially reduced neutral semi-quinone
2FADH•. When a second electron is transferred, the complex can
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Fig. 2 (a) Redox and acid-base reactions path of flavin adenine dinucleotide. The reduction can be induced photochemically by absorption of blue
light by FAD. (b) Redox and electron exchange reactions path involving FAD and oxygen. For convenience, each system is labelled with a one letter
tag (A-K) in blue.
be in singlet 1[FADH−–O2] or triplet 3[FADH−–O2]. Here, we
have only considered FAD as the electron/proton acceptor and
oxygen as a spectator. However, oxygen can re-oxidize reduced
FAD (FADH• or FADH−) and accept protons. This would imply
an intramolecular reaction that leaves the total charge and spin
of the complex unchanged. The resulting structures produce the
ROS, 2O•−2 or hydroxyl
2HO•2 radicals.
The main reaction paths involving FAD and O2 are summarized
in Figure 2b. The initial state of cryptochrome is 3[FADox–O2]
(A). When photoexcited (A∗), it can be reduced by a nearby tryp-
tophan. When the semireduced FAD–O2 complex is in quartet
(B), molecular oxygen is a spectator, and the next proton ( B→ C)
and the subsequent electron transfer (C→F) can only be accepted
by FAD. Instead, when reduced anionic FAD is forming a doublet
with O2 (D), the next proton and electron can be accepted by
FAD•− (D→E→F). There is though the possibility that superoxide
is formed (G) and thus an equivalent superoxide channel exists
(G→H→I). Finally, when a proton is transferred to oxygen, two
hydroxyl radicals can be formed with oxidized FAD (J) and par-
tially reduced FAD (K). The systems D and E (total doublet with
triplet oxygen and radical FAD) produce the same partial charges
as B and C, respectively. They are only distinguished by the ori-
entation of the triplet spin, either parallel to the radical spin on
FAD (quartet) or anti-parallel (doublet). Therefore we performed
the simulations for the simpler quartet system B and C, assum-
ing them equivalent to the system D and E, respectively, in the
molecular dynamics simulation.
3.1 Presence of oxygen species in the binding pocket
A fundamental issue to investigate the role of O2 in cryp-
tochromes is to know which of these species are stabilized in the
active site, near the flavin moiety. For this purpose, we have in-
vestigated several flavin-oxygen complexes for different spin and
protonation states. For this study, we have defined the active site
as the cavity around FAD by a sphere with radius of 5 Å.22 Along
the trajectories, we collect the distances between the OO1 atom
of the oxygen and the C4a atom (the FAD atom known to interact
with oxygen species)26 during the 10 ns MD simulations.
The time-evolution of distances is shown in Figure 3. The
C4a-OO1 distance for the systems with triplet oxygen (Figure 3a)
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Fig. 3 The distance between C4a atom of the chromophore and OO1
atom of the oxygen species for 10 ns of MD simulation of each system.
The horizontal dashed black line refers to the radius of the C4a cavity.
The distances for the dynamics of neutral and radical oxygen species
are separated in the upper (a) and lower panel (b), respectively. The
inset of panel b shows the C4a-OO1 distances for radical oxygen
species in a optimized y-scale.
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Fig. 4 Specific position of the oxygen species (in red CPK
representation) in dmCry–O2 for all systems (A to K) as clusters from
200 snapshots taken at 50 ps intervals during 10 ns of simulation. The
black arrows indicate the diffusing pathway of oxygen species.
show in general a rather repulsive interaction with FAD. The dis-
tance between oxygen and FAD depends strongly on the redox
state of FAD. In the initial FADox form, molecular oxygen is stabi-
lized around 3 Å away from the binding pocket. This is a steady
value with small fluctuations on the average distance, in accor-
dance with the fact that oxygen is present inside the protein.22,26
For the radical forms (FAD•− and FADH•), oxygen diffuses away
from the binding pocket. Large fluctuations are observed for these
C4a-OO1 distances, indicating a strong repulsive interaction be-
tween reduced FAD and 3O2, the distance of which can be as large
as 20 Å. Finally, for the anionic reduced form (FADH−), oxygen is
stabilized on an average at around 9 Å far from the pocket bound-
ary. This suggest a slow reoxidation reaction for FADH−→FADH•
and an even slower FADH• →FADox, in accordance with kinetic
experiment.18 Upon electron transfer from reduced flavin to oxy-
gen, flavin is reoxidized and superoxide is formed. Subsequently,
FAD can be again reduced absorbing a second photon thus form-
ing several radical pairs with either superoxide or hydroxyl rad-
icals. In Figure 3b, we observe that these radical oxygen species
are all stabilized inside the binding pocket, very close to FAD.
On average, these distances are around 3-4 Å and undergo very
low fluctuation. This indicates a strong attractive electrostatic
interaction of oxygen superoxide and hydroxyl radicals with the
residues in the binding pocket. This would suggest that absorbing
one photon is required to generate superoxide and another pho-
ton can generate a radical pair and stabilizes superoxide inside
the pocket.
In order to clarify the interaction between the oxygen species
and the cavity, we analyze the specific binding location or specific
diffusion pathway of the oxygen species. For this purpose, we
performed a cluster plot of oxygen species from 200 snapshots
I
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Fig. 5 The electrostatic potential of FADH•, Trp420 and Cys416 felt by
the superoxide and hydroperoxyl radical for 3[FADH•–O•−2 ] (I) and
3[FAD•−–HO•2] (K) system. The electrostatic potential (ESP) is
calculated using Adaptive Poisson-Boltzmann Solver (APBS) 38 in gas
phase. The ESP is shown in a RGB (Red-Green-Blue) color scale in a
range of -0.05 to 0.05 kbT/e.
taken at 50 ps intervals during 10 ns trajectories of dmCry–O2
complex. The results are shown in Figure 4. One can observe
that the position of the oxygen species is different depending on
whether it is a 3O2 or 2O•−2 or a HO
•
2. When oxygen is in su-
peroxide form, it stays near the flavin stabilized by the attrac-
tive electrostatic interaction dominated by the hydrogen in the
N5 position i.e. only in case of 2[FADH+–O•−2 ] (H) and
3[FADH•–
O•−2 ] (I) (see Figure 5). The HO
•
2 species resides always close
to the FAD due to electrostatic interaction between the H of HO•2
and N5 of FAD (in case of2[FADox–HO•2] (J) and
3[FAD•−–HO•2]
(K). On the contrary, triplet molecular oxygen diffuses out of the
flavin pocket and that is independent of the redox and protonated
states of the FAD. We observe only two distinct paths (shown with
black arrows in Figure 4) via which the oxygen species moves out-
side of the lumiflavin pocket. After diffusing out from the flavin
pocket, triplet oxygen is either stabilized or it hops between very
few cryptochrome pockets except in the case of 4[FAD•−–O2] (B)
where the triplet oxygen is hopping between several pockets.
Radical superoxide and hydroxyl radicals are essentially stabi-
lized by electrostatic interactions and hydrogen bonding. To show
this, we have computed the electrostatic potential due to the FAD
species, Trp420 and Cys416 felt by the oxygen species for the fi-
nal stable structure of 3[FADH•–O•−2 ] (I) and
3[FAD•−–HO•2] (K)
which are shown in Figure 5. The electrostatic potential (ESP)
is calculated using Adaptive Poisson-Boltzmann Solver (APBS)38
implemented in vmd39. The ESP is shown in a RGB (Red-Green-
Blue) color scale in a range of -0.05 to 0.05 kbT/e. For system I,
we can see that a positive potential (blue), with contribution from
FAD, Trp420 and Cys416 group and dominated by the contribu-
tion from N5H group of lumiflavin, is created in the region around
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the superoxide (shown in CPK representation) and therefore the
superoxide, having negative electrostatic potential due to its’ neg-
ative charge, is highly stabilized in that region due to strong elec-
trostatic interaction. On the other hand, in system K, the negative
ESP (red) around the FAD•− stabilizes the HO•2 radical (shown in
CPK representation in the lower panel of Figure 5) since HO•2 it-
self generate a positive electrostatic potential around the H atom.
Finally, the triplet oxygen, having zero partial charge, does not
feel any attractive potential and therefore can freely move in and
around the binding pocket.
The hydrogen bonding between FAD and radical oxygen species
stabilizes further ROS in the binding pocket. We observe that in
fact hydrogen bonding induces a stronger binding of oxygen than
the pure non-bonded electrostatic interactions. Indeed, the sta-
bilization of hydroxyl radical strongly depends on the initial con-
ditions, whereas this is not observed for the superoxide or triplet
oxygen species. The HO•2 stays within the cavity only when the
simulation is started from its favorable position (near N5 atom of
FAD) which is true only if the O•−2 takes proton from the N5H.
This indicates that the hydrogen bonding between the N5H atom
of radical or anionic FADH and OO2 atom of hydroxyl radical is
the main electrostatic interaction between hydroxyl radical and
FAD. If it forms HO•2 by taking proton from somewhere else of the
protein or from solvent and is placed initially anywhere else than
the favored position as shown in Figure 6, the HO•2 flies away
from the C4a cavity. On the contrary, for the superoxide or triplet
oxygen, the qualitative results that whether the oxygen species
stays or leave the C4a cavity remain invariant on its initial posi-
tion be it below the lumiflavin ring or in between the lumiflavin
ring and adenine (in both case, close to the C4a atom). The bind-
ing location of the superoxide in the flavin pocket remain also the
same. In order to investigate the possibility of formation of C4a-
hydroperoxyflavin within the limit of molecular dynamics simu-
lations, the distance between N5 of lumiflavin ring and OO2 of
oxygen species is plotted in Figure 6, indicating the formation
of a strong hydrogen bonding [N5-H..O2](with average donor-
acceptor distance <3.0 Å) facilitating the formation of FAD•− +
HO•2 as described in Figure 2. The low fluctuation of the ROS
due to this hydrogen bonding also indicates towards possibility of
formation of C4a-hydroperoxyflavin as suggested by other kinetic
experimental studies.18,20,26. In the previous studies, the origin
of the H+ to form HO•2 from O
•−
2 was never discussed. From our
MD simulation results, we propose that the N5 atom of FADH is
most likely the proton donor to form the hydroperoxyl radical in-
termediate.
3.2 Formation of superoxide and hydroxyl radicals
Recent experiments have been able to detect superoxide and
other ROS inside cryptochromes18–21. In this section, we discuss
on the possibility of formation of ROS from electronic structure
theory, in order to determine the oxidation state of oxygen.
The generation of superoxide implies an electron transfer from
radical/anionic flavin to triplet oxygen. From a molecular orbital
picture, the transferred electron is initially located on a singly oc-
cupied molecular orbital (SOMO) of radical FAD, which is of π∗
Fig. 6 HN5-OO2 and N5H-OO2 distances for a typical trajectory for
2[FADH+–O•−2 ] (H)
3[FADH•–O•−2 ] system (I) indicating strong tendency
to form HO•2 radical. On top one typical structure (indicating the position
of O•−2 with respect to the N5 atom of FADH) out of thousands is shown.
character residing between the C4a-N5 atoms. This electron will
be transferred to the highest occupied molecular orbital (HOMO)
of 3O2, which consists of π∗x and π
∗
y orbitals each containing
one electron. These orbitals are degenerate when oxygen is in
an isotropic environment but, inside the binding pocket of cryp-
tochrome, the electron will be transferred to the π∗ oxygen orbital
that overlaps with the π∗ orbital of FAD.
Upon photo-absorption, an electron is added to the triplet
[FADox–O2] complex leading either to a doublet or quartet to-
tal spin, depending on the relative orientation of the independent
spins of oxygen and radical FAD, see Figure 7 where the contribut-
ing configuration state functions for a radical FAD-O2 system with
minimal active space CAS(3,3) are shown. In order to investigate
the formation of superoxide, the energies of high and low spin
states of different species involving radical oxygen are calculated
using SA5-CASSCF+MS-CASPT2 method with larger active space
of (11,12) for the radical semi-quinones and (12,12) for the re-
duced anion. These results are summarized in Table 1. It should
be noted that, after validating that the main interaction with O2
is localized in the lumiflavin ring, we considered only lumiflavin
ring (instead of the full FAD cofactor) and oxygen in these calcu-
lations. The calculations are done on the structure of lumiflavin–
oxygen species extracted from the highest populated dmCry–O2
structure obtained using clustering analysis based on root mean
square deviation implemented in Gromacs.
In Table 1, we report the three lowest energy states for
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Fig. 7 Representation of the multiconfiguration wavefunction for a
quartet (S=3/2) and doublet (S=1/2). The contributing configuration
state functions for the 4[FADH–O2]•(S=3/2) and 2[FADH–O2]•(S=1/2) for
the active space of CAS(3,3).
Table 1 SA5-CASSCF+MS-CASPT2 ground and excited state electronic
energies for [FADH–O2]•,[FAD–HO2]•, [FADH–O2]− and [FAD–HO2]−
species. For comparison, the ground state has been set to 0.00 as
reference for each species independently. The states (St) are labeled by
their spin (S for singlet, D for doublet, T for triplet and Q for quartet).
Energies of first three states are shown for each spin. Spin multiplicity
on oxygen species (MultO2 ) is shown based on Mulliken spin density. All
energies are in eV.
[FADH–O2]• [FADox–HO2]•
St Eex MultO2 Eex MultO2
D0 0.09 2.32 0.00 2.00
D1 0.96 1.00 0.63 1.99
D2 0.98 1.00 2.30 –
Q0 0.00 2.94 2.27 2.00
Q1 1.70 2.96 2.74 1.99
Q2 3.35 2.03 3.28 2.00
[FADH–O2]− [FADox–HO2]−
St Eex MultO2 Eex MultO2
S0 0.88 – 0.00 –
S1 0.97 – 0.53 –
S2 1.53 – 2.19 –
T0 0.00 2.91 0.04 2.00
T1 1.41 2.05 0.57 1.99
T2 1.65 1.98 2.23 2.00
each spin multiplicities of [FADH–O2]• (doublet or quartet) and
[FADH–O2]− (singlet or triplet) species. In addition, we report
the spin multiplicity of the oxygen fragment, extracted from the
Mulliken analysis of the spin densities. First, we discuss the
[FADH–O2]• form. The lowest energy state corresponds to the
quartet 4[FADH•–O2], in which oxygen is in a triplet spin state.
However, the lowest energy doublet state is energetically close
(only 0.09 eV above Q0), suggesting that the doublet form can
also exist (2[FADH+–O•−2 ]). In that case, the oxygen spin state
could not be precisely determined from the Mulliken analysis, but
still its multiplicity is closer to a doublet oxygen form. After the
proton transfer between FAD and superoxide, the [FADox–HO2]•
complex is formed. The electronic structure calculations indicate
that the doublet is the ground state, in which HO•2 has a doublet
spin multiplicity. The lowest quartet state for this complex lays
2.26 eV above the doublet. Second, we discuss the [FADH–O2]−
complex. The results for this complex suggest that the ground
state is a triplet [FADH–O2]−, in which oxygen is a triplet. The
radical superoxide is only formed in the first excited triplet state
(T1) which exists as 3[FADH•–O•−2 ] and is ≈1.4 eV above the
triplet ground state. On the other hand, in the lowest singlet
state (which is 0.88 eV above the triplet ground state) doublet
superoxide is also formed. Upon a proton transfer, the complex
FAD•−–HO•2 is formed. For this complex, both the lowest singlet
and triplets are almost degenerate (∆E =0.038 eV) and both of
them contains doublet oxygen species 2HO•2. The HO
•
2 is formed
in doublet not only in the ground state, but also for all other ex-
cited states of singlet and triplet multiplicity.
3.3 The role of Trp420 and Cys416 in Drosophila
melanogaster cryptochrome
Trp420 is the closest tryptophan to the FAD. It has been reported
that the closest tryptophan or a tryptophan triad containing the
closest tryptophan is the electron donor that reduces FAD upon
photon absorption,8 thus forming TrpH•+ and subsequently Trp•.
Therefore, Trp420 is likely to be in radical form while consider-
ing cryptochrome with reduced FAD. To investigate the effect of
Trp• on the position of O•−2 , we ran further simulations for the
2[FADH+–O•−2 ] (a typical system where superoxide binds to lumi-
flavin) with the Mulliken charges for Trp• and TrpH•+ calculated
at the same level of theory as discussed in Section 2. Figure 8a
shows the comparison of the position of cluster of superoxide with
respect to the FADH• and tryptophan for neutral Trp420 (red) and
TrpH•+ (blue) and Trp• (green). We observe that although the
superoxide cluster is closer to the tryptophan for TrpH•+ (blue)
than for the neutral Trp420 (red) due to strong attractive electro-
static interactions between the negative superoxide and positively
charged NH+, it is closer to the FADH• or almost at the same po-
sition for Trp• (green) with respect to the system with Trp420
(red).
To illuminate on the probable proton donor in dmCry after
the photoreduction of FAD, the crystal structure of plant cryp-
tochrome and dmCry is superimposed and it is observed that
Cys416 in dmCry is in the same position of Asp396 of plant cryp-
tochrome (Figure 8b left panel). Since Asp396 is reported to be
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the proton donor in plant cryptochrome8, by analogy, we propose
Cys416 may act as a proton donor in dmCry. To further confirm
this, an MD simulation run of 1 ns is performed for dmCry and the
distance between the -SH of Cys416 and N5 of FAD is recorded
and found them to be in close contact over the simulation time.
Figure 3 shows the distance between the H of SH (Cys416) and
N5 of the ISO(black)/N of the closest tryptophan, Trp420 (red)
which indicates SH bond rotates freely- towards N5 of lumiflavin
(to donate proton) and then towards NH of Trp420 (to get proton
to compensate) which suggests that under favorable condition it
is feasible that Cys416 can donate proton to semireduced anionic
FAD and can get proton from tryptophan to compensate.
Cysteine has a pKa value of 8.3 (in solution) which is close to
physiological pH and therefore at the limit of acting as a proton
donor. There have been studies in the literature on the possible
role of cysteine as a proton donor in dmCry. Some spectroscopic
studies suggested that the formation of FADH• in dmCry is hin-
dered in physiological conditions, indicating that cysteine has a
high pKa value in protein.25,40 These would indicate that other
residues in the cavity are responsible for the protonation of an-
ionic radical semiquinonic flavin. At variance, Hong et al. used
theoretical simulations to show that Cys416 pKa is 9.7 in protein.
They conclude that Cys416 could act as the proton donor, de-
spite being less efficient than aspartic acid.41 Based on their pKa
calculations, the difference (2.1) between the pKa of Asp396 in
plant cryptochrome (7.6) and of Cys416 in dmCry (9.7) is smaller
than the difference (4.4) of their pKa in solution. Therefore, even
though it is evident that FADH• is formed, it remains an open
question whether Cys416 act as a possible proton donor or not.
Cysteine can possibly act as a slow proton donor only at a higher
pH value. A rigorous study based on constant pH molecular dy-
namics simulation would be necessary to confirm that.
3.4 FAD–O2 as alternative radical pair for magnetoreception
Among the several reactions between FAD and oxygen species,
there are four most important reactions involving a radical oxy-
gen that is stabilized within the C4a cavity. Some of these reac-
tions are also suggested to contribute to radical pair mechanism
of magnetoreception by experimental spectral data18). The first
two reactions correspond to the electron transfer from FADH• to
O2 followed by proton transfer from FADH+ to O•−2 , that is,
FADH•+O2↔ FADH++O•−2 ↔ FADox +HO
•
2 . (1)
The third and four reactions correspond to the electron transfer
from FADH− to O2 followed by proton transfer from FADH• to O•2,
that is,
FADH−+O2↔ FADH•+O•−2 ↔ FAD
•−+HO•2 . (2)
There exist thus two radical pairs which may act as “alterna-
tive” radical pair and they are FADH•+O•−2 and FAD
•−+HO•2.
Still, there are few conditions to be satisfied for the radical pair
mechanism for magnetoreception to work best: (i) the radical
pair should be closely spaced for spin selective conversion, (ii)
the electron nuclear hyperfine interaction should be weak, (iii)
Fig. 8 (a) Comparison of the position of superoxide clusters for different
redox and protonation states of tryptophan e.g. neutral Trp420 (red),
Trp•H+ (blue) and Trp• (green) . The structures are aligned with respect
to the FADH•. (b) Left: comparison of the core active site (containing
FAD, Trp400/Trp420 and Asp396/Cys416 of plant (orange) and
Drosophila melanogaster (blue) cryptochrome. Right : the distance
between Hydrogen of SH (Cys416) and N8 of lumiflavin ring of FAD
(black)/N of Trp420 (red). The inset shows the first 50 ps (zoomed) to
detect the frequency of the SH bond rotation.
the spin relaxation of the radical should be slow, and (iv) the ex-
change and dipole-dipole spin couplings should be close to zero
or mutually cancelling.42 With the results we have reported, we
can qualitatively say that these conditions are satisfied for both
radical pairs involving oxygen. Indeed, from our MD simulations
we showed that FADH•–O•−2 and FAD
•−–HO•2 stays within 2-3 Å.
The hyperfine coupling condition is more easily satisfied by oxy-
gen species radical pair than by tryptophan radical pair, since its
16O and 18O isotopes are not magnetic. Therefore, the hyper-
fine coupling of the radical pair is only due to FADH•. For the
spin relaxation, it is known that O•−2 has a fast spin relaxation
kinetics18,21, but the presence of Trp• close to the radical pair (as
shown in Figure 8) can act as scavenger to slow down the spin
relaxation of oxygen species. In addition, the restricted mobility
of radical pair (indicated by low fluctuation of oxygen species in
Figure 3) due to strong electrostatic interactions can slow down
the spin relaxation. Finally, from electronic structure calculations,
we can estimate the exchange coupling strength as the difference
between the low and the high spin lowest energies. From this cri-
teria, we can conclude that only FAD•−–HO•2 has a small exchange
coupling (J=400 meV). From these results, we can conclude that
FAD•−–HO•2 is a good candidate for explaining magnetorecpetion
via the “alternative” radical pair with oxygen.
4 Conclusion
In this work, we have systematically explored the fate of different
oxygen species in the binding pocket of Drosophila melanogaster
cryptochrome using atomistic molecular dynamics simulations,
taking into account the charge and spin multiplicity of different
FAD and oxygen forms that are generated upon blue light absorp-
Journal Name, [year], [vol.], 1–9 | 7
tion. Additionally, we performed electronic structure simulations
of different FAD–O2 radical pairs to clarify the oxidation state of
oxygen in each of the complexes.
The molecular dynamics simulations suggest that radical oxy-
gen species are strongly stabilized close to FAD due to strong at-
tractive electrostatic interactions and hydrogen bonding. On the
contrary, triplet oxygen species move out of the cavity when FAD
is in radical or charged form. The electrostatic attractive forces
between the radical oxygen species and FADH is dominated by
the interaction between N5H (of FADH•) and O•2. The results
also indicate to a strong tendency of formation of hydroperoxyl
radical. The stability of hydroperoxyl radical near C4a atom are
in agreement with previous studies suggesting formation of C4a-
hydroperoxyflavin intermediate.26
We show that the formation of hydroperoxyl radical is possible
by the proton transfer from the proton at N5 position in FADH−.
Furthermore, we have found that the varying electrostatic field of
radical or neutral tryptophan has negligible impact on the posi-
tion of oxygen. Still, the oxygen species are closer to the cationic
TrpH•+ due to stronger electrostatic interactions. The four im-
portant systems that can lead to the formation of radical oxygen
species are found to be 2[FADH+–O•−2 ],
2[FADox–HO•2],
3[FADH•–
O•−2 ],
3[FAD•−–HO•2].
The electronic structure analysis suggests that the radical
FADH–O2 system in the ground state is a quartet and exist as
4[FADH•–O2]. For this particular case, the 2[FADH+–O•−2 ] is only
≈0.1 eV above the ground state and therefore it is possible that
both spin states are formed in the protein. For the [FADH–O2]−
complex, the triplet radical pair 3[FADH•–O•−2 ] is 1.5 eV above
the ground state 3[FADH−–O2] in which oxygen is in a triplet.
The only radical pair in the ground state is 3[FAD•−–HO•2] which
has a small singlet-triplet energy gap.
In view of “alternative” radical pair, our MD results suggest
that two probable radical pairs i.e. FADH•–O•−2 and FAD
•−–HO•2.
Among them, FAD•−–HO•2 passes all criteria as discussed in sub-
section 3.4. Although, more investigation is necessary on the life-
time of the short-lived hydroperoxyl radical. The FADH•–O•−2 rad-
ical pair passes all criteria except the small exchange coupling cri-
teria. Further investigation is needed on whether the cancellation
of dipole and exchange coupling is possible43. Environmental ef-
fects could also affect the order of states, but these are expected
to be rather small in cryptochromes.44
To summarize, our results from this study focuses not only on
the qualitative position of different oxygen species in the flavo-
protein active site, but also detect its binding location, diffusion
pathway and surrounding important residues depending on vary-
ing electrostatic interactions. These results are important not only
in view of investigating the "alternative" radical pair mechanism
of magnetoreception but also shed light on several other func-
tionality of flavoprotein in general e.g. ROS production, anti-
oxidant defence. The results from our study (e.g. the specific
binding location, diffusion pathway of oxygen species and sur-
rounding residues with strong interactions) can help designing
mutant flavoprotein to accelerate ROS production as well as to
accelerate anti-oxidant defence mechanism.
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